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ABSTRACT
Purpose: The microstructural characteristics of trabecular bone were identified using micro-
computed tomography (micro-CT), in order to develop a potential strategy for implant 
surface improvement to facilitate osseointegration.
Methods: Alveolar bone specimens from the cadavers of 30 humans were scanned by high-
resolution micro-CT and reconstructed. Volumes of interest chosen within the jaw were 
classified according to Hounsfield units into 4 bone quality categories. Several structural 
parameters were measured and statistically analyzed.
Results: Alveolar bone specimens with D1 bone quality had significantly higher values for all 
structural parameters than the other bone quality categories, except for trabecular thickness 
(Tb.Th). The percentage of bone volume, trabecular separation (Tb.Sp), and trabecular 
number (Tb.N) varied significantly among bone quality categories. Tb.Sp varied markedly 
across the bone quality categories (D1: 0.59±0.22 mm, D4: 1.20±0.48 mm), whereas Tb.Th 
had similar values (D1: 0.30±0.08 mm, D4: 0.22±0.05 mm).
Conclusions: Bone quality depended on Tb.Sp and number—that is, endosteal space 
architecture—rather than bone surface and Tb.Th. Regardless of bone quality, Tb.Th showed 
little variation. These factors should be taken into account when developing individualized 
implant surface topographies.
Keywords: Cadaver; Dental implants; X-ray microtomography
INTRODUCTION
The term “bone quality” is commonly used in implant treatment planning, and is one of 
the most critical predictors of successful osseointegration, which leads to the long-term 
success of an implant treatment. Many studies have confirmed a direct correlation between 
bone quality and implant success rate [1,2]. Bone quality is not simply synonymous with 
bone mineral density; it also encompasses other factors, including bone mass, structural 
properties such as macro- and micro-level architecture, and matrix properties such as 
modulus of elasticity and mineral density [3]. In other words, bone quality is not only a 
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matter of mineral content, but also of structure. Among the constituents of alveolar bone, 
cortical bone is considered very important because of its stiffness, which affects primary 
stability. However, cancellous bone has the capacity to bear a functional load and is part 
of the bone-to-implant interface. The evaluation of trabecular bone micro-architecture 
could potentially allow predictions of the outcomes of implant treatment and further 
improvements in implant surface topography.
Due to the importance of bone quality in the attainment and maintenance of osseointegration, 
many attempts have been made to establish a system to assess bone quality and predict the 
prognosis of procedures [4-6]. The clinical assessment of bone quality is performed during 
implant fixture installation surgery and relies on cutting resistance while drilling and placing 
fixtures. However, this cannot be considered an objective measurement, and can only be 
performed intraoperatively. Histologic and histomorphometric analyses are gold standards 
in bone quality assessment [7], but have limited clinical applications due to cost and time, 
as well as innate errors caused by shrinkage and distortion of the specimen that can occur 
during tissue processing [8]. Another gold standard in bone quality assessment is micro-
computed tomography (micro-CT), especially for the evaluation of bone morphology and 
micro-architecture [9,10]. Micro-CT can be used to access bone quality in 3 dimensions [11], 
allowing objective and quantitative evaluations of the structure of trabecular bone.
A number of studies have examined trabecular bone quality using micro-CT [3,12,13]. 
These studies have demonstrated the value of micro-CT in bone architecture evaluation and 
revealed substantial variation in architecture according to anatomical location and among 
patients. However, guidelines regarding how to utilize the information obtained from micro-
CT studies in clinical applications have yet to be suggested. The present study was designed 
to evaluate trabecular bone quality, to categorize the bone quality according to an existing 
bone quality classification scheme, and to investigate the characteristics of trabecular bone 
architecture according to bone quality.
A high degree of porosity in the implant surface topography has been known to prompt 
osseointegration [14], but insufficient information has been obtained regarding the most 
favorable porosity for osseointegration. Therefore, we hypothesized that a trabecular 
structure of the implant surface similar to that of an individual patient's trabecular bone 
would enhance osseointegration. The structural parameter values obtained on micro-
CT scans can be utilized to devise a potential strategy for implant surface improvement 
to facilitate osseointegration. The present study aimed to investigate the structural 
characteristics of trabecular bone using micro-CT, in order to take an initial step in the 
process of proving this hypothesis correct.
MATERIALS AND METHODS
Study design and specimen selection
Twenty hemimaxillae from 10 fixed Korean cadavers (8 males, 2 females; age range, 67–96 
years; average age, 75.7 years) were used in this study. Forty hemimandibles from another 
20 Korean cadavers (with no information available regarding the donors' age, gender, or 
medical history) were also included in this study. The cadavers were fixed in 10% neutralized 
buffered formalin. The study protocol was approved by the ethics committee of Yonsei 
Medical Center, Korea.
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Three-dimensional analysis using micro-CT
Specimens were scanned and reconstructed into 3-dimensional (3D) structures using a 
micro-CT system (Skyscan 1076, Skyscan, Antwerp, Belgium). The exposure conditions were 
100 kV, 100 µA, 1.0-mm-thick aluminum filtration, and a pixel size of 35 µm. The data were 
digitized by a frame grabber and transmitted to a computer for processing with tomographic 
reconstruction software (N-recon, Skyscan). Projection image data were reconstructed to 
create 3D images and analyzed using coupled software (CT-Analyzer, Skyscan).
The reconstructed images from a micro-CT scan were grayscale images in which the pixel 
intensity ranged from 0 (black) to 255 (white). The grayscale images were then converted 
into Hounsfield units (HU) as described by LeBrun et al. [15]. HU, a standard unit of 
measurement for CT imaging systems to describe the radiodensity of a material, were 
calculated as follows:
where GS is the grayscale value of the tested specimen, the water sample, or the air. 
Deionized water was included with each scan as a reference material to normalize the data to 
the HU scale and to maintain consistency throughout all scans.
The anatomical locations examined were classified as follows: maxillary anterior region (XA), 
maxillary posterior region (XP), mandibular anterior region (NA), and mandibular posterior 
region (NP). A volume of interest (VOI) with a cylindrical shape was measured in all regions. 
All VOIs were located apical to the lateral incisor or the first molar of either the maxilla or 
mandible and bounded within cancellous bone below the maxillary sinus floor and above the 
upper border of the mandibular canal. In specimens without remaining teeth, the VOI was 
drawn under cortical bone (Figure 1). Specimens for which it was not possible to determine 
VOIs due to severe alveolar bone resorption were excluded.
Each VOI was processed and classified according to its HU value into 1 of 4 categories of bone 
quality. When the HU value was between 1,200 and 1,900, the VOI was classified into the D1 
category, while HU values of 700–1,200 corresponded to the D2 category, 350–700 to the D3 
category, and <350 to the D4 category [16].
Selection of structural parameters and statistical analyses
Various parameters were measured and calculated for each VOI as described in Table 1. The 
mean value and standard deviation of each parameter were calculated according to the bone 
quality category (D1, D2, D3, and D4). Data were checked for normality using the Shapiro-
Wilk test [17,18] and the visual inspection of histograms, normal Q-Q plots, and box plots. 
When the data satisfied equality of variance and normality, 1-way analysis of variance was 
employed to evaluate whether there were significant differences according to bone density, 
using SPSS 12.0 (SPSS Inc., Chicago, IL, USA). To adjust for multiple comparisons, the 
Bonferroni post hoc test was used. Significance was determined at a P-value of 0.05. If the 
data did not pass the normality test, non-parametric tests, such as the Kruskal-Wallis and 
Mann-Whitney tests, were used. Correlation analyses were also performed to determine 
interrelations among parameters.
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GS − GSwater
GSair − GSwater 
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Figure 1. VOI selection. (A) When the tooth (lateral incisor or first molar) remains in the maxilla or mandible, its 
VOI is located below the maxillary sinus (not shown) or above the mandibular canal (*) and apical to its root apex 
(solid line). (B) When no tooth remains in the jaw, the VOI is drawn under the coronal cortical bone (solid line). 
The VOI (blue cylinder) is then bounded within the trabecular bone.
VOI, volume of interest
Table 1. Structural parameters
Parameters Unit Description
BV mm3 TV of trabeculae within the VOI
BV/TV   % Proportion of the VOI occupied by trabeculae
BS mm2 Surface of trabeculae
BS/BV mm-1 Ratio of trabecular surface to volume
Basis of estimates of thickness
BS/TV mm-1 Ratio of trabecular surface area to total volume
Tb.Th mm Average of the local thickness
Tb.Sp mm Thickness of the spaces
Tb.N mm-1 Density of the trabeculae within the VOI
BV, bone volume; TV, total volume; VOI, volume of interest; BV/TV, bone volume density; BS, bone surface; BS/
BV, bone-specific surface; BS/TV, bone surface density; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; 
Tb.N, trabecular number.
RESULTS
A total of 116 specimens were evaluated as part of the analysis of the microstructural 
characteristics of trabecular bone in human cadavers. When cancellous bone density was 
classified according to HU, 28 of the 116 specimens had bone quality of D1, while 29, 36, and 
23 specimens had D2, D3, and D4 bone quality, respectively. Representative images of the 
4 bone quality categories are presented in Figure 2. A total of 20, 19, 37, and 40 VOIs were 
drawn in the XA, XP, NA, and NP regions, respectively. In the NA region, VOIs measuring 
2.98 mm in diameter and 4.97 mm in height were collected. In the other 3 regions, the VOI 
was 3.55 mm in diameter and 4.97 mm in height. The numbers and sizes of the selected VOIs 
are presented in Table 2.
Microstructural data according to bone quality category
Images obtained through 3D reconstruction of micro-CT scanning data showed distinct 
differences in the microarchitecture of the trabecular bone cores (Figure 2). Microstructural 
data for the D1, D2, D3, and D4 bone quality categories are listed in Table 3. Bone volume 
density (BV/TV), which is defined as the ratio of the trabecular bone volume to the total 
volume of the specimen core, decreased from the D1 to D4 bone quality categories and 
showed statistically significant differences in this parameter among all bone quality 
categories, despite the wide variation throughout the bone quality categories. Bone surface 
also tended to decrease from D1 to D4, and the same pattern was observed for bone surface 
density (BS/TV), which was obtained by dividing bone surface by total volume. However, 
bone-specific surface (BS/BV) showed an inverse relation to BS/TV, which can be attributed 
to the greater volume in the D1 bone quality category and the smaller volume in the D4 bone 
quality category. Trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), and trabecular 
number (Tb.N) provide quantitative information about trabecular microarchitecture. Tb.N 
was calculated by averaging the number of trabeculae in a given 1 mm diameter sphere, and 
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Figure 2. Three-dimensional images of representative cancellous bone cores. Cancellous bone density is 
classified into 4 categories based on HU. Thirty of the 116 specimens were classified as having D1 bone quality (A), 
while 8, 21, and 57 specimens had D2 (B), D3 (C), and D4 (D) bone quality, respectively.
HU, Hounsfield units.
Table 2. Number and size of selected VOIs
Region No. VOI (mm) TV (mm3) TS (mm2)
XA 20 Ø 3.55×h 4.974 48.31 77.80
XP 19 Ø 3.55×h 4.974 48.31 77.80
NA 37 Ø 2.98×h 4.974 33.34 62.57
NP 40 Ø 3.55×h 4.974 48.31 77.80
VOI, volume of interest in a cylindrical shape, the size of which is a diameter (Ø) and a height (h); TV, total 
volume; TS, total surface; XA, maxillary anterior region; XP, maxillary posterior region; NA, mandibular anterior 
region; NP, mandibular posterior region.
differed significantly among the 4 bone quality categories. In contrast, Tb.Th was similar 
among the 4 bone quality categories. An inverse relationship was found between Th.N and 
Tb.Sp, because D1 bone had the least separation, whereas D4 bone had the most separation. 
Tb.Sp also differed significantly among all bone quality categories.
Correlations among structural parameters
The correlations among structural parameters are shown in Table 4. Statistically significant 
correlations were found among all structural parameters. BV/TV was strongly correlated 
with all other parameters. However, Tb.Th had a relatively weak correlation with Tb.Sp 
(r=−0.450), Tb.N (r=0.493), and BS/TV (r=0.469). BS/TV was also weakly correlated with BS/
BV. BS/BV showed a relatively weak correlation with Tb.Sp (r=0.689) and Tb.N (r=−0.633), but 
a strong correlation with Tb.Th (r=−0.851), whereas BS/TV was strongly correlated with Tb.Sp 
(r=−0.828) and Tb.N (r=0.985), but relatively weakly correlated with Tb.Th (r=0.469).
DISCUSSION
Successful osseointegration stems from sound construction and maintenance of the 
bone-to-implant interface [19]. Cortical bone has been emphasized in fixture installation 
because it allows primary implant stability to be achieved, but it is trabecular bone that 
plays a crucial role in determining the fate of osseointegration and the formation of a strong 
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Table 3. Measurement of structural parameters according to bone density
Parameters (unit) D1 (n=28) D2 (n=29) D3 (n=36) D4 (n=23)
BV/TV (%) 37.29±17.96b,c,d) 27.46±9.58a,c,d) 18.40±10.20a,b,d) 9.83±8.02a,b,c)
BS/BV (mm-1) 12.79±4.60c,d) 13.82±3.27d) 16.11±3.42a,d) 20.05±7.15a,b,c)
BS/TV (mm-1) 4.10±1.35c,d) 3.55±0.75c,d) 2.73±0.86a,b,d) 1.60±0.89a,b,c)
Tb.Th (mm) 0.30±0.08c,d) 0.28±0.06d) 0.25±0.05a) 0.22±0.06a,b)
Tb.Sp (mm) 0.59±0.22c,d) 0.68±0.14d) 0.82±0.19a,d) 1.20±0.48a,b,c)
Tb.N (mm-1) 1.21±0.45b,c,d) 0.99±0.24a,c,d) 0.71±0.26a,b,d) 0.41±0.27a,b,c)
Values are presented as mean±standard deviation.
n, number of volumes of interest; BV/TV, bone volume density; BS/BV, bone-specific surface; BS/TV, bone surface density; Tb.Th, trabecular thickness; Tb.Sp, 
trabecular separation; Tb.N, trabecular number. 
a)Statistically significant difference compared to D1 (P<0.05); b)Statistically significant difference compared to D2 (P<0.05); c)Statistically significant difference 
compared to D3 (P<0.05); d)Statistically significant difference compared to D4 (P<0.05).
Table 4. Correlations among structural parameters
Parameters HU BV/TV BS/BV BS/TV Tb.Th Tb.Sp Tb.N
HU Pearson correlation 1.000 0.616a) −0.496a) 0.596a) 0.446a) −0.558a) 0.610a)
P value 0.000 0.000 0.000 0.000 0.000 0.000
BV/TV Pearson correlation 1.000 −0.754a) 0.878a) 0.769a) −0.716a) 0.913a)
P value 0.000 0.000 0.000 0.000 0.000
BS/BV Pearson correlation 1.000 −0.618a) −0.851a) 0.689a) −0.633a)
P value 0.000 0.000 0.000 0.000
BS/TV Pearson correlation 1.000 0.469a) −0.828a) 0.985a)
P value 0.000 0.000 0.000
Tb.Th Pearson correlation 1.000 −0.450a) 0.493a)
P value 0.000 0.000
Tb.Sp Pearson correlation 1.000 −0.793a)
P value 0.000
Tb.N Pearson correlation 1.000
P value
HU, Hounsfield units; BV/TV, bone volume density; BS/BV, bone-specific surface; BS/TV, bone surface density; Tb.Th, trabecular thickness; Tb.Sp, trabecular 
separation; Tb.N, trabecular number.
a)Statistical significance.
bone-to-implant interface, because the bone-to-implant interface is mainly formed through 
trabecular bone within alveolar bone. Therefore, trabecular bone architecture should be 
investigated at the microstructural level to obtain objective and detailed qualitative and 
quantitative information regarding alveolar bone quality.
Many studies have investigated trabecular microstructure, but only a few have been 
conducted on human alveolar bone because high-resolution tomography in the form of 
micro-CT is not routinely applied in practice. Fanuscu and Chang [3] reported material 
properties specific to the maxillae and mandibles and their anatomical locations, but the 
specimens they evaluated were harvested from a single cadaver only, and therefore did not 
reflect the variation present in human alveolar bone architecture. Kim et al. [20] performed 
a comprehensive study of specific jaw bone sites using a large sample. They presented 3D 
microstructural data according to the anatomical location in the jaw, but did not provide 
guidelines for how to use this data clinically. The current study was designed to analyze 
human cadaveric trabecular bone using 3D morphometric data obtained from micro-
CT scans, and to correlate this with bone density measurements in HU, with the goal of 
developing guidelines for how microstructural data can be applied in clinical implantology.
To date, bone classification schemes have only allowed rough, subjective, preoperative 
assessments. Norton and Gamble [21] conducted an extensive analysis of computerized 
tomography scans and demonstrated that an objective scale of bone density based on the 
Hounsfield scale can be established, and that there was a strong correlation between bone 
density values and subjective quality scores. Based on this finding, the postmortem specimens 
in the present study were classified according to Hounsfield values, and their microstructural 
parameters were analyzed and compared. There was general agreement between bone density 
based on the Hounsfield scale and bone mass indices of micro-CT (BV/TV and Tb.N), even 
though values from these analyses did not precisely correspond with bone quality. In other 
words, bone mass based on BV/TV and Tb.N was significantly higher in the D1 bone quality 
category than in the other 3 bone quality categories. The opposite tendency was noted for BS/
BV, which reflected the complexity of the structure. To be specific, D4 bone had the highest 
BS/BV value, whereas D1 bone had the lowest BS/BV value. BS/BV showed a close correlation 
(r=0.689) with the Tb.Sp value, which was highest in D4 bone and lowest in D1 bone. These 
findings clearly indicate that the microarchitecture of D1 bone was more favorable for implant 
placement and the achievement of excellent osseointegration than D2–D4 bone, regardless of 
the presence of cortical bone. The only parameter that did not show a significant difference 
among bone quality categories was Tb.Th, although it tended to decrease in value from D1 
through D4 bone. The Tb.Th values corresponded to those reported in previous studies [3,20]. 
Since the stiffness of trabecular bone is known to be proportional to both BV and Tb.Th [11,22], 
the mechanical competence of D1 bone is more dependent on bone volume than Tb.Th.
Osseointegration occurs through 2 mechanisms: contact osteogenesis and distance 
osteogenesis. One of the factors prompting osteogenesis on the implant surface is 
the implant surface topography [23]. The implant surface serves as a template for the 
regeneration of mature bone [22], thereby creating a strong bone-to-implant interface that 
can withstand mechanical loads. The diameter of a bone substitute pore system should be 
close to the diameter of the framework of trabecular bone [24]. In the context of implant 
surface development, an understanding of trabecular bone microstructure in human alveolar 
bone is necessary to further advance implant design, particularly implant surface topography. 
To design macro-features of the implant surface that reflect the microstructure of the 
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surrounding trabecular bone, data regarding Tb.Th and Tb.Sp, which provide information 
about the shape and geography of the implant surface, should be considered.
D1 bone had a Tb.Sp value of 0.59±0.22 mm (Table 3), which is close to the known pore size 
of bone substitute or implant materials that favor bone regeneration [25,26]. Taniguchi et al. 
[26] implanted 3 porous titanium implants with different pore sizes (300, 600, and 900 µm) 
and constant porosity into rabbit tibia. The implant with a pore size of 600 µm demonstrated 
significantly greater fixation at 2 weeks than the other implants, implying that its pore size 
was optimal for promoting osseointegration. BS/BV was the greatest in the D4 bone quality 
category (20.05±7.15 mm-1), but in reality, a longer healing time is usually required in D4 bone 
to achieve osseointegration sufficient to withstand occlusal loading. Assuming the presence 
of the same structure with a different pore size, the average curvature of the pore becomes 
higher in inverse proportion to pore size [27]. With respect to curvature, the large Tb.Sp in 
D4 bone indicates an unfavorable curvature pattern for bone tissue amplification. Based on 
this result, we propose that implant surface macrostructure matching the cancellous bone 
struts of D1 bone quality may provide a negative template for cancellous bone replacement of 
the same quality, which would enhance the regeneration of structurally equivalent trabecular 
bone of D1 bone quality onto the implant surface, even in poor-quality alveolar bone.
Some potential problems should be acknowledged. To guarantee sufficient thickness of the 
porous structure on the dental implant fixture, the diameter of the core material needs to 
be reduced, which could compromise its mechanical properties. Another concern is that 
an open porous design could jeopardize treatment, including the removal of biofilm and 
detoxification of the implant surface when it is exposed to the oral cavity or is involved in 
peri-implantitis. The present study examined postmortem human jawbones extensively to 
obtain structural information about trabecular bone from micro-CT scans and to reconstruct 
and characterize bone quality. Measurable quantitative differences were present in structural 
parameters according to bone quality, despite the high degree of variation within bone 
quality categories, and all parameters showed statistically significant correlations with each 
other. This large-scale investigation provides general information regarding the trabecular 
microarchitecture of human alveolar bone, which should facilitate improvements in clinical 
implantology; specifically, the construction of implant surfaces as negative frameworks for 
trabecular bone growth. Future studies should evaluate the hypothesis proposed here in an in 
vivo model and address the acknowledged potential problems.
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